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AV#QO Abstract (continued)

As a reference for further wvork, a central composite atatistical design of
experiments was conducted on the carbon-impregnated foam in & vapor test
apparatus to study adsorption dynamics. The vapor penetration through the
bed was monitored by a gas chromatograph.

The work resulted in the development of a mathematical model for the break=

through time (the time at which the exiting vapor concentration is 5% of the
inlet concerntration). This model guggests that the breakthrough time varies
directly as the number of carbon impregnated foam layers, or bed depth, and

inversely as the gas flow rate and inlet gas concentration.ﬁ\

One of the problems hindering the efficient use of this fdam material as a
protective overgarment was its poisoning by human sweat during use. The
loss of adsorptive capacity of the material was studied by adding awveat and
measuring the residual capacity by the amount of carbon tetrachloride
adsorbed under equilibrium and dynamic conditions. The orgenic constituents
of sweat were shown to be mainly responsible for the polsoning action. The
polsoning effects of individual constituents of sweat were also determined.
These indicated that lactic acid wes primarily responeible.

The posaibility of increasing the capacity of the existing foam material by
radiation treatment was studied. The irradiation of the materia). was per-
formed in a Cobalt-60Q source at a dose rate of 0.43 megarals per hour for
various lengths of time. The results, however, were inconclusive.

To reduce the deleterious effects of sweat on the adsorptive properties of
carbon impregnated foam, the possibility of selective removal of the primery
polsoning sgent in sweat (lactic acid) was studied. This was accomplished
by chemically modifying an undershirt material, through which the sweat must
pass before coming in contact with the foam, to give it lon exchange prop=
erties. This was achieved by the introduction of amino substituent groups
with basic properties onto the cellulosic molecules of the cotton under-
garment under such conditions that the fabric structure was retained. The
cellulose, thus chemically modified, was in reality an insoluble base which
functioned as an anion exchanger to remove lactic acid. The adsorptive
capacity and breakthrough time of the carbon impregnated foam material were
improved when sweat treatment occurred through a modified undergarment as
compared to unmodified undergarment.

The breakthrough characteristics and adsorptive capacity of a number of
other protective overgarment materials were evaluated and compared with the
polyurethane foam.
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PERSPIRATION POISONING OF PROTECTIVE CLOTHING MATERIALS
PART 1
EXPERIMENTAL RESULTS AND EVALUATION

INTRODUCT ION

A program to develop clothing materials to protect against chemical
agents has been active at the U. S. Army Natick R&D Command for some time,
and has resulted in a protective overgarment material which incorporates
activated charcoal to adsorb chemical agents. One material, for example,
consists of a layer of polyurethane foam bonded to a nylon tricot and im-
pregnated with activated carbon held on the material with a polymer latex
binder. The material is found very effective for short periods of time,
but due to its thermal insulating properties the adsorptive capacity for
toxic gases is reduced because of adsorbent contamination by human per-
spiration. This problem is referred to as "poisoning”.

The objectives of this project were to study the dynamics of carbon
tetrachloride adsorption by various clothing materials, the effects of
perspiration on the adsorption characteristics, and methods of abatement
of perspiration poisoning under conditions which could be correlated with
field use. This report is the final report on work carried out at N. C.
State University during a two-year project beginning July 1, 1972.

Unsteady adsorption characteristics of a fixed-bed flow-through sys-
tem are characterized by the variation of the effluent concentration with
time (break-through curve). I¥ a mati«.. <cal model can be developed de-
scribing the dynamic behavior of a given system, the investigator will
have a better understanding of the ways in which the physical properties
of the adsorption system affect the adsorption process. The accuracy of
such models for well-defined systems has been demonstrated by the excellent
agreement of experimental and theoretical transmission curves of C(z,t)/C0

versus Lime obtained by Schneider and Smith1’2.

TSchneider, P. and J. M. Smith. Adsorption rate constants from chromato-

graphy. A.I.Ch.E. J., Vol. 14, 762 (1968).

2Schneider, P, and J. M. Smith. Chromatrographic study of surface diffu-
sion. A.I.Ch.E. J., Vol. 14, 886 (1968).
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The work performed during this study was on a system in which the
adsorbent was activated carbon impregnated in foam material with a nyion
backing. Irherent uncertainties for this system included the amount of
carbon in a foam sample, carbon pariicle size, non-homogeneity of foam
material samples, and the characterization of flow through a foam matrix
embedded with activated carbon., Samples of the carbon impregnated foam
material were received as bolts of cloth which were found to vary in ad-
sorptive canacity, thickness and porosity. Pictures of this material were
examined under a scanning electron microscope. Figure la is an edge view
and shows that approximately six cells of the polyurethane foam must be
traversed to penetrate the foam. It also indicates that the gas passage
is very tortuous with many changes in the direction of flow. Figure 1b
shows the foam side of the material at a magnification of 100. It reveals
the variation in carbon particle distribution throughout the foam. Figure
2a is of the same site as Figure 1b but at a magnification of 1000 while
Figure 2b shows the nylon side. Both Figures 2a and 2b show the carbon
particles clustered in the foam structure and on the nylon, respectively,
and indicate that a wide range of particle sizes is present. These micro-
photographs indicate the irregularity of the adsorbent beds and the dif-
ficulty of using directly the models proposed in much of the literature.

Samples of carbonless foam and of the activated carbon itself were
also viewed under the microscope. Pictures resulting from this examina-
tion are shown in Figure 3 and Figure 4. Comparison of the micrograph of
the carbon with those of the carbon impregnated foam indicate that the
particles shown on the foam are most Tikely carbon particles and not parts
of the foam structure or particles of latex.

The initial part of this study was directed towards developing a model
for the adsorption of carbon tetrachloride vapor by carbon impregnated foam
which would describe the complete breakthrough curve. In addition, the in-
fluence of temperature, flow, and concentration were investigated to form a
basis for the sweat poisoning studies. Carbon tetrachloride was suggested

as an adsorbate by the Natick R&D Command since a correlation exists between

carbon tetrachloride and the toxic gases in which the army is interested.
The work resulted in the development of a mathematical model based on an

overall mass transfer rate coefficient. The model is discussed in detail by

= ummmammwlmmlfmm«lmmumrmm-m-mmrnunnmuuumluu-mnwmu
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L. Branscome®,

To evaluate the breakthrough time, i.e., the run time at
which the exit vapor concentration is 5% of the inlet concentration,
from the Branscome model requires considerable numerical computer compu-
tation. Accordingly, a simplified model for the breakthrough time was

developed as a function of system parameters, and is discussed later in
this report.

One of the problems hindering the efficient use of carbon impregnated f

i foam material as a protective overgarment is its "poisoning" by human per- i
spiration. The loss of adsorptive capacity of the material was studied by
adding sweat and measuring the residual activity by the amount of carbon
tatrachloride adsorbed under equilibrium and dynamic conditions. The poi-
soning effects of the individual constituents of sweat were also studied
to determine the primary poisoning agent in sweat.

To reduce the sweat poisoning of the protective clothing, a study of
the selective removal of the primary poisoning agent in sweat was conduct-
i} _ ed. The possibility of increasing the capacity of the existing foam mate-
4 ) rial by radiation treatment was also studied.

A number of different materials were tested and compared for break-
through and adsorptive capacity. This work is discussed in the appendix
and the materials are listed in Table A-19.

i | - c N
st . ,“ - el
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e Al e e s em b e e e

- Results of all dynamic adsorptive runs made during this project are
S given in Tables A-1 through A-18. The tables are arranged in the order

- shown in Table A-19, and will be referenced in appropriate sections of
- this report.

¥ 3Branscome, M. R. Mathematical model for a complex adsorption bed. M.S.
- thesis, North Carolina State University, Raleigh, N. C. (1974). See also
- Part I1 of this report as follows; Ferrell, J. K., R. W. Rousseau and
M. R. Branscome, Perspiration poisoning of protective clothing materials -
Part 11 - Mathematical model for a complex adsorption bed, TR-75-55-CE&MEL,
f Contract DAAG17-72-G0004, US Army Natick Research and Development Command,
-7-% Natick, Mass. (1974).
|
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STATEMENT OF THE PROBLEM

The purpose of this investigation was to conduct adsorption rate
studies on carbon impregnated foam material developed by the U. 5. Army
Natick R&D Command for use as a protective overgarment to adsorb toxic
gases. The objectives of this program were as follows:

1. A complete analysis of diffusion and flow through carbon impregnated
foam material at the breakthrough time, which involves

(i) the development of a mathematical model for the complex ad-
sorption bed

(ii) investigation of the effects of bed depth, flow rate, inlet
concentration, residence time, and temperature on the break-
through time

(ii1) experimental verification of the model
2. An investigation of the effects of sweat poisoning of the carbon im-
preghated foam material. This involves isolating the constituents of
sweat which poison the cloth by obtaining
(i) equilibrium adsorptive capacity
(ii) dynamic adsorptive capacity
3. Control of sweat poisoning. This involves

(i) increasing the existing capacity of the carbon impregnated foam
material

(i1) selective removal of the primary poisoning agent in sweat.
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i LITERATURE REVIEW

% ' This Titerature review will deal primarily with adsorption theory.
Literature on the effects of sweat poisoning and methods of control will
be discussed in the chapters dealing with the subject.

The study of adsorption may be divided into two parts: thermodynamics
and kinetics. The former deals with equilibria, and the latter with rate
; processes. Although many studies have been made on the thermodynamic pro-
P perties involved in the physical adsorption of gaseous adsorbates by ad-
sorbents4, relatively few studies have concentrated on the adsorption
kinetics up to the breakthrough time of the transmission or breakthrough

curve.

PN U

Various Types of Breakthrough Curves

centration-time relationship, or breakthrough curve, of the effluent stream.
The shape of the breakthrough curve is determined by the
(a) residence time of the solute in the column
| (b) rate of solute removal
L‘ (c) adsorption equilibrium expressed by an adsorption isotherm

Figure 5 shows the shape of various breakthrough curvess.

E: The design of fixed-bed adsorbers involves the prediction of the con-

IBr‘unauer, S. The adsorption of gases and vapors, Vol. I, Physical Adsorp-
tion. Princeton University Press, Princeton, N. J. (1945).

5Bohart, G. S. and E. Q. Adams. Some aspects of the behavior of charcoal
with respect to chlorine. J. of American Chemical Society, 42, 523 (1920).
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Figure 5. Breakthrough Curves for a Step Change in Inlet
Concentration

Curve 1 represents the 1imit approached by the breakthrough curve for
a non-adsorbing material. The gas appears beyond the adsorbent bed in full
concentration at time zero.

An ideal adsorbent, infinitely fine-arained and reacting instantane-
ously with the adsorbate would give a curve of type 2. The length of the
lower horizontal portion represents the adsorptive capacity of the adsor-
bent and the instantaneous breakthrough occurs at some time greater than
zero.

An adsorbent in a container with a uniformly varying thickness from
one side to the other would give a breakthrough curve of type 3.

The cases just considered have assumed that the adsorption is instan-
taneous. If this assumption is not made, it becomes necessary to make some
assumption for the rate of adsorption. The simplest probable one is that
the rate is proportional to the fraction of its adsorptivz capacity which
the adsorbent still retains and to the concentration of adsorbate in the
gas. This amounts to assuming a monolayer adsorption ¢f the adsorbate
(which is probably true) and that the adsorbent is perfectly uniform in re-
spect to its rate of adsorbing the adsorbate (which is certainly not exact-
ly so). Other factors which tend to "round off" the curve are, notably,
reversibility of the adsorption reaction and nonhomogeneity of composition
or packing of the adsorbent. Curve 4 is a symmetrical curve with its point
of inflection at 50% breakthrough.
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If, however, the rate of adsorption falls off more rapidly than the
residual capacity of the adsorbent, as will be the case if the adsorbent
consists of two or more constituents of unequal reactivity, an unsymmetrq-
cal curve will be obtained. This is illustrated by curve 5,

The adsorbent may act as a catalyst for reaction between the adsor-
bates. The breakthrough curve will then reach a value lower than 100%
when the uptake capacity of the adsorbent has been exhausted; if the rate
of catalysis is great enough in proportion to the rate at which adsorbate
is being supplied, no adsorbate will be transmitted, however long the
experiment be continued. This is illustrated by curves of type 6 and 7.

Effect of Various Factors on the Breakthrough Curve

There are numerous factors which determine the change in concentra-
tion of a gas effluent from an adsorbent bed. They are as follows:
1. The nature of the adsorbent
A striking variation in adsorption is exhibited by different
adsorbates. The general similarity in form of the breakthrough
curves obtained suggests that the process involved is qualitatively
the same for all, and the service time of various adsorbents may
depend more upon the variations in the proportions of active or re-
Tatively inactive constituents in each, than upon the differences
between the materials as a whole. There is however, no correspond-
ence between the apparent densities of the adsorbent and the service
life obtained.

2. The nature of the adsorbate

The breakthrough curve is affected by the physical and chemical
properties of the adsorbate such as density, latent heat, polarity,
light adsorption, etc.

3. Temperature

As is generally recognized, the equilibrium and dynamic capa-
city of adsorbents for adsorbates decreases as the temperature is
elevated because ordinary adsorption is reversible.




Pl

Tha T .
[ S IR S

TV, R T

L

H—Y

M A -q-—-——v—:ﬁ-qr’-

ot il

-17-

The bed depth

Curves relating the depth of bed versus the breakthrough time
(Vlife-thickness curves) have become one of the most common methods
of representing the performance of an adsorbent bed. A survey of
performance data shows that two types of "life-thickness" curves are
encountered. The simplest case is the linear relation such as that
shown in curve A of Figure 6. A curvature of the

ve

Breakthrough
time

/

Bed Depth

Figure 6. Life-thickness curves for an adsorbent

1ife-thickness curve as the depth of layer becomes greater (curve B)
is a consequence of the peculiar effect of relatively inactive con-
stituentss. Whether or not curvature occurs, the Tife-thickness
curves intersect the bed depth axis at a finite value. It follows
then, that there exists a critical bed depth, below which the 1ife is
zero.

Nature of gas flow in the adsorbent bed

The flow of fluids, through beds of granular solids is very compli-
cated7’8 for, as is quite obvious, the flow channels are very tortuous

gk]otz, I. M.

7

T e e e

The adsorption wave. Chemical Reviews, Vol. 39, 241 (1946).

Bird, R. B., W. E. Stewart and E. N. Lightfoot. Transport phenomena.
John Wiley and Sons, Inc., New York (1960).

8Knudsen, J. G. and D. L. Katz. Fluid dynamics and heat transfer. McGraw-
Hi11 Book Co., Inc., New York, N. Y. (1958).
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! and nonuniform. Flow in porous material is complicated by the fact
‘ that the process in very small pores (Knudsen flow) is different
from that in larger pores (bulk diffusion). The Knudsen diffusi-
vity is a function of pore size while the bulk value is a function
of pressureg.

6. Capacity of adsorbent

l
) A clear statement of what is meant by capacity of an adsorbent

is not as readily available in a flow type experiment as it is in
the static case. In the latter situation, capacity refers to the
amount of gas picked up by a unit weight of adsorbent after suffi-
cient time has elapsed for equilibrium to have been attained. The
inapplicability of such a definition is particularly evident for a

gas where the effluent end of the bed has still not reached a steady
state after a considerable length of Lime,

NERRCTY
[P OS S. N PR S CREUIE S g

The primary value of a measure of capacity i3 in the prediction
of the dependence of breaktime on bed depth. Consequently, it is
customary to define saturation capacity of a unit gross volume of ad-
sorbent for an adsorbate in terms of the slope of a life-thickness
curve. In this manner, two samples which show linear life-thickness
curves can be compared reliably in their performance under a set of

conditions requiring a slight extrapolation from the measured ones.

It is realized, of course, that such a capacity may be far different
from the final equilibrium value. Nevertheless, it is more useful
than a definition based on a static experiment. At small bed depths,
the breaktime will be determined primarily by the critical bed depth
of the adsorbent, since the critical bed depth will be a Targe frac-
tion of the total bed. On the other hand, in deep beds, the critical
bed depth becomes less important, and the capacity becomes more impor-
tant. In large depths capacity is the determining factor.

9Robertson, J. L. and J. M. Smith. Flow and diffusion characteristics of
alumina catalyst pellets. A.I.Ch.E. J., Vol. 9, No. 3, 342 (1963).
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7. Effect of adsorbent particle size
If more than one step contributes to the rate of removal of a
gas from the carrier stream, the critical bed depth is a function of
two terms (to be discussed later) - one representing that portion of
the critical bed due to slowness of diffusion of gas from the carrier
stream to the surface of the adsorbent and the other representing the
fraction due to processes occurring within the adsorbent. The former
is a function of Reynolds number (a function of adsorbent particle
size), Schmidt number and the concentration of the adsorbate while the
latter is a function of concentration only.
8. Other factors are
(a) geometrical state of the adsorbent

(b) relative amount of other gases already present in the
adsorbent

{c) nature of the shape of the isotherm - unfavorable, linear,
favorable and irreversib1e]0.
Mechanism of Adsorption in a Flow System

It is very important to elucidate the mechanism of the adsorption pro-
cess in a flow system for various gases on different types of adsorbents]].
Such an understanding should suggest additional treatments for the improve-
ment of the adsorbent and should also indicate when the natural limit to
such improvement has been attained.

The problem of predicting the adsorption wave (i.e., adsorption in a
flow system) has not been solved in a completely general form, primarily
because of the prodigious mathematical difficulties entailed. Nevertheless,
a number of exact solutions exist for several real adsorptive cases. Sim-
plified special cases have been considered and with these results as guides,
it has been possible to develop several semi-empirical apprcaches to the
problems of performance and mechanism of adsorption.

1Oweber, T. W. and R. K. Chakravorti. Pore and solid diffusion models for

fixed bed adsorbers. A.I.Ch.E. J., Vol. 20, 228 (1974).

Bischoff, K. B. and D. M. Himmelblau. Survey of mass transfer. Ind. and
Eng. Chem., Vol. 56, 12, 61 (1964).

11
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It is generally recognized that the removal of a gas by a porous ad-
sorbent involves one or more of the following steps:
(a) External transfer or film diffusion
This involves transfer of the component from the main body
of the gas phase to the external surface of the adsorbent parti-
cle.
(b) Internal diffusion or pore diffusion
(i) Diffusion of the molecules of gas into or along the
surface of the macropores of the adsorbent particle
(i1) Diffusion within the micropores of the particle
(¢) Adsorption - desorplion at the surface of the adsorbent

The relative importance of each of these steps may vary widely with
the particular conditions under which the removal is taking place. A clear
understanding of the fluid flow in porous medium is necessary for detailed
work with mathematical modeling of a dynamic adsorption system]2’13’14’]5’]6’]7.

The so-called external, or film diffusion, may be modeled by the transfer
of an adsorbate molecule through a quiescent layer (the boundary layer) of car-
rier fluid surrounding a particle of adsorbentls. This step is strongly in-
fluenced by the flow rate of the gas stream, by the diffusion coefficient of
the gas and by the particle size of the adsorbent, but is relatively unaffect-

ed by temperature.

17bo111ns, H. W. and K. C. Chao. A dynamic model for multicomponent fixed
bed adsorption. A.I1.Ch.E. Sym. Series, Vol. 69, 134 (1973).

13Dean, H. A. . leon Lapidus. A computational mode] for predicting and

correlating tuv behavior of fixed bed reactors: (1) Deviation of model
for nonreactive systems (2) Extension to chemically reactive systems.
A.I1.Ch.E. J., Vol. 6, 656 and 663 (1960).

4Foster, R. N. and J. B. Butt. A computational model for the structure of
: porous materials employed in catalysis. A.I.Ch.E. J., Vol. 12, 180 (1966).
5

Furusawa, T. and J. M. Smith. Diffusivities from dynamic adsorption data.
A.1.Ch.E. J. Vol. 19, 401 (1973).
16

1

Wakao, N. and J. M, Smith. Diffusion and reaction in porous catalyst. Ind.
Eng. Chem. Fundam., Vol. 3, 123 (1964).

Wheeler, A. Advances in Catalysis. Volume III. Reinhold Publishing Co.,
New York, N. Y. (1951).
]8Suzuki, M. and J. M. Smith. Dynamics of diffusion and adsorption in a

single catalyst pellet. A.I.Ch.E. J., Vol. 18, 326 (1972).

17
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The importance of the process of flow of adsorbate in pores and on
the surface (pore diffusion) is determined by such factors as the parti-
cle size and the structural characteristics of the pores. A general
survey is presented in the Chemistry and Physics of [nterfaces, ACS Sym-
posium Monograph, 1965. Additional references are]9'20’21’22. The works
of Amundson, Rosen and Smith are classics, modifications and extensions
of which comprise much of the modern work.

The process of adsorption - desorption equilibrium is treated by es-
sentially four separate techniques: semi-empirical two-dimensional anal-
ogues for equations of state; kineti dels such as Langmuir'szs; poten-
tial models such as the Dubinin-Polanyi theory24; and statistical mechan-
ics25. Each of these has an extensive literature in its own right. This
process is highly sensitive to temperature.

The combination of the processes detailed above have been summarized

TgEdeskuty. F. J. and N. R. Amundson. Mathematics of adsorption IV. Ef-

fect of intraparticle diffusion in agitated static systems. J. Phy.
Colloid Chem., 56, 148 (1952).

20Edeskuty, F. J. and N. R, Amundson. Effect of intraparticle diffusion.
Ind. Eng. Chem., 44, 1698 (1952).

Hashimoto, N. and J. M. Smith. Macropore diffusion in molecular sieve
pellets by chromatography. Ind. Eng. Chem. Fundam., Vol. 12, 353 (1973).

Rosen, J. B. General numerical solution for solid diffusion in fixed
beds. Ind. Eng. Chem., Vol. 46, 1590 (1954).

Pierce, C. and R. N. Smith. Heats of adsorption IV. J. Phy. & Colloid
Chem., Vol. 54, 795 (1950).

Dubinin, M. M., B. P. Bering and V. V. Serpinsky. Theory of volume
filling for vapor adsorption. J. Coll. Inst. Sci, 21, 378 (1966).

25Pisamen, L. M. Diffusion in porous media of a random structure. Chem,
Eng. Sci., Vol. 24, 1227-1238 (1974).

21
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25a,2€,27,28,29,3 , , . .
and comparedzsa’ & 9 In general, non-linear partial differential

equations are the result for consideration of combinations of processes
(a), (b) and (c). These can be handled by essentially one of the three
techniques:
(a) complete analytical solutions for the adsorbate concentration
in the carrier fluid and on the surface of the adsorbent30
(b) numerical solutions of the coupled differential equationsl
(¢c) conversion by Laplace transform of the differential equations
to algebraic relations]’3
Tables of some general mathematical solutions to fairly complete
models are given in Part II of this report.

Complete Breakthrough Curve

With the advent of ion exchange columns and the new prominence of
gas chromatography and catalysis, a series of papers was published on
the dynamics of fluid flow entering and exiting fixed-bed columns,

Klotz6 presented an account of the movement of the distribution

25a

Amundson, N. R., A note on the mathematics of adsorption in beds. J. Phy.
and Colloid Chem., 52, 1153-1157 (1950).

ZbAmundson, N. R. Mathematics of adsorption in beds II. J. Phy. and
Colloid Chem., 54, 812-820 ({1953).
27

Amundson, N. ®. Mathematics of adsorption in beds III. Radial flow.
J. Phy. and Colloid Chem, 54, 821-829 (1953).

Glueckauf, E. Theory of chromatography. Part 9. The theoretical

?1ate)concept in column separations. Trans Faraday Soc., 51, 34-44
1955).

Kyte, W. S. Non-linear adsorption in fixed beds: the Freundlich
isotherm. Chem. Eng. Sci., Vol. 28, 1853 (1973).

30Masamune, S. and J. M. Smith. Adsorption rate studies - interaction of
diffusion and surface processes. A.l.Ch.E. J., Vol. 11, 34 (1965).
31

Garg, D. R. and D. M. Ruthven. The performance of molecular sieve ad-
sorption columns: systems with micropcre diffusion control. Chem.
Eng. Sci., Vol. 29, 571-581 (1974),.

]Schneider, P. and J. M. Smith. Adsorption rate constants from chromato-
graphy. A.I.Ch.E. J., Vol. 14, 762 (1968).

3Branscome, M. R. Mathematical model for a complex adsorption bed. M.S.
thesis, North Carolina State University, Raleigh, N. C. (1974).

6?;0223 I. M. The adsorption wave. Chemical Reviews, Vol. 39, 241
946).

28
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curve during the continuous passage of gas through a Led of adsorbent. i
Thomas32
bed chromatography for vapor, with a linear adsorption isotherm affected
by the finite rate of diffusion in the solid adsorbent or exchanger, show-
ed the relation of exit to inlet concentration to be described by an in-
finite summation series of Bessel's functions. Rosen33 solved the general ;
problem of the transient behavior of a linear fixed bed system, where the :
adsorption rate was determined by the combined effect of liquid film and

solid diffusion into spherical particles. Both exact and approximate forms

of solution were presented. In a later publication Rosen22 showed that the

_ exit concentration was dependent upon three dimensionless parameters, which

= were proportional to the surface film resistance, the effective bed length,

- and the residence time.
& Tien and Thodos®?
jon exchange systems exhibiting the nonlinear equilibrium relationship
shown by the Freundlich adsorption isotherm. The set of integral-differen-
tial equations developed were dependent on parameters involving time, posi-

, in a note on the interpretation of the kinetic behavior in deep :

i e S e

developed mathematical relationships applicable to

tion, and the relative resistances of the ligquid and solid phases. These
were solved by numerical methods. Useful insight was also obtained from

asymptotic solutions by Garg and Ruthvenas’ss. These gave the limiting

32Thomas, H. C. Solid diffusion in chromatography. Journal of Chenical
Physics, Vol. 19, 1213 (1951).

‘;] 33Rosen, J. B. Kinetics of a fixed bed system for solid diffusion into
- spherical particles. J. Chem. Phys., Vol. 20, 387 (1952).

22Rosen, J. B. General numerical solution for solid diffusion in fixed

beds. Ind. Eng. Chem., Vol. 46, 1590 (1954),

Tien, C. and G. Thodos. lon exchange kinetics for systems of nonlinear
equilibrium relationships. A.I.Ch.E. J., Vol. 5, 373 (1959).

Garg, D. R. and D. M. Ruthven. Theoretical prediction of breakthrough
curves for molecular sieve adsorption columns~I; asymptatic solutions.
Chem. Eng. Sci., Vol. 28, 791-798 (1973).

Garg, D. R. and D. M. Ruthven. Theoretical prediction of breakthrough
curves for molecular sieve adsorption columns-II; general isothermal

solution for micropore diffusion control. Chem. Eng. Sci., Vol. 28,
799-805 (1973).

34

35

36
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forms of the breakthrough curves for sufficiently long columns. Such solu-

tions are relatively easy to obtain, since in the asymptotic limit the
boundary conditions imposed by the mass balance assume a simplified form.

Vermedlen and coworker537’38’39’40’4] derived a model for isothermal
conditions assuming the adsorption isotherm to be of the Langmuir type.
They derived a generalized differential equation which in the integrated
form gave the ratio of exit to 1let concentration as a function of four
dimensionless parameters concerned with equilibrium, column capacity,
solution capacity and throughput (defined as the ratio of the solution to
the column capacities). For the specialized case of nearly irreversible
adsorption, Vermeulen et al. established a set of correlation curves for
the number of transfer units exhibited by the absorbent bed in its gas
breakthrough curve as a function cf the Peclet number of the fluid flow.
Robell and coworker‘s42’43 used these correlation techniques of Vermeulen
in breakthrough tests on beds of coconut shell activated carbon having an
average particle diameter of 0.038 c¢cm. Comparisons between calculated and
experimental data were quite good, despite the fact that Robell's adsorp-
tion data did not follow the Langmuir cgquation.

Underhﬂ]“’45 studied the adsorption of fission gases of krypton and

37Vermeu‘en, T. and N. Hiester. Ion exchange chromatogranhy of trace com-

ponents - a design theory. Ind. Eng. Chem., Vol. 44, 636 (1952).

38Vermeu]en, T. and N. Hiester. Saturation performance of ion exchange and
adsorption columns, Chem. Eng. Prog., Vol. 48, 505 (1952).
39

Vermeulen, T. Theorys for irreversible and constant pattern solid diffu-
sion. Ind. Eng. Chem., Vol. 45, 1664 (1953).
40

Vermeulen, T. Separation by adsorption methods. Adv. Chem. Chem. Engrg.,

Vol. 2, 147 (1958).
4]Vermeu1en, T. Advances in chemical engineering. Vol 2, Academic Press,
New York, N. Y. (1958).

42Robe11, A, J., F. G. Borgardt and E. V. Ballou. Gaseous contaminant re-

moval by adsorption. Chem. Eng. Prog. Sym. Ser., Vol. 62, 76 (1966).
43

Robell, A, J. and R. P. Merrill. Gaseous contaminant removal by adsorp-
tion: II. Adsorption dynamics in fixed beds. Chem. Eng. Prog. Svm.
Ser., Vol. 65, No. 96, 100-108 (1969).

44Underhﬂ], D. W. A mechanistic analysis of fission-gas holdup beds.
Nuclear Applications, Vol. 6, 544 (1969).

Underhill, D. W. An experimental analysis of fission-gas holdup beds.
Nuclear Applications, Vol. 8, 255 (1970).
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xenon by a bed of activated carbon granules. The retention time in the
bed was long compared to their half lives. For very low gas concentra-
tions, and within the constraints of a lTinear adsorption isotherm, the
general equation derived by Madey and coworkers46’47 was found to apply.

Of the many adsorption models prasented in tne 1iterature, that of
Schneider and Smith] seems the most useful for this work, and a complete
discussion of this model is given in Part II of this report.

Breakthrough Time

In tha absence of a satisfactory, simple, mathematical theory of ad-
sorption up to the breakthrough time, investigators have been forced to
develop semiempirical methods of treating data. One of the earliest re-
lations describing the process of gaseous adsorbate removal from a flowing
air stream by an adsorbent was that of Bohart and Adamss.

For the literature review section of this report, symbols are defined
in the text. For the remainder of the report symbols are also defined in
the 1ist of symbols.

L]

t, = =20 [z - & In (:2) - 1] (1)

where NO was the saturation capacity of the adscrbent in grams of adsor-
bate per cm3 of adsorbent, » the porosity, Lo the inlet vapor concentra-
tion in grams per cm3 of air, V the interstitial velocity of adsorbate

46Madey, R. A physical theory of adsorption of a radioactive gas. Trans.
Amer. Nucl. Soc., Vol. 4, 354 (1961).

7Madey, R., R. A. Fiore, E. Pflumm and T. E. Stephenson. Transmissicn of
a pulse of gas through an adsorber bed. Trans. Amer. Nucl. Soc., Voi. 5,
465 (1362).

]Schneider‘ P. and 1. M. Smith. Adsorption rate constants from chromato-
graphy. AIChE J., Vol. 14, 762 (1968).

bBOhart, G. S. and E. Q. Adams. Some aspects of the behavior of charcoal
with respect to chlorine. J. of American Chemical Society, 42, 523 (1920).
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flow in cm per unit time, z the bed depth in cm, Cb the first detectable
trace concentration of vapor penetrating the adsorbent bed, k1 a constant,
and t, the elapsed time in the bed for the vapor before Cb penetrated its
depth.

A later work, Short and Pierce
through could be represented by

48 suggested that the time to break-

n C
ty = o [z - ky (Y ()3 (2) ‘
b b

where Af was the cross-sectional area of the adsorbent bed in cm2, Ab

the baffle area (in most adsorbent holder designs Af = Ab), Q the volu-
metric flow rate in liters per unit time, n and k2 are constants depend-
ing on the adsorbate and adsorbent, respectively. The right side of the
expression in brackets was identified as the critical bed depth, Aes OF
that portion of the total bed depth needed under the conditions of the
test to reduce the inlet concentration Co to the exit concentration Cb'
The constant k2 was a function of the granular size of the adsorbent

ky = dp ny (3)
where dp was the particle or granule diameter in c¢m and ny, a constant de-
pendent upon the nature of the gas ranging between 0.68 and 0.83.

A more sophisticated treatment considered the critical bed depth to
be made up of two parts

L= A, A (4)

where M represented that portion of the critical bed depth due to the
slowness of diffusion of gas from the air stream to the surface of the
adsorbent, whereas Ar is that portion of Ac due to processes (e.g., ad-
sorption) occurring within the adsorbent. Since the critical bed depth
could be thought of as the distance which the gas might penetrate before

48

Short, 0. A. and 7. M. Pierce. MITMR Report Number |14 (1946).
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its concentration was reduced to the break value, it seemed reasonable to
espect a certain minimum value of e This 1imiting value of A for a fixed
set of conditions would be Mg Any critical bed depth abaove A must be the
contribution of the processes within the granule.

An earlier work of Meck]enburg49 was modified by Klotze. He assumed
that only a negligible quantity of vapor penetrates the adsorbent bed at
the breakthrough time. Using this approach the following could be written:

amount of gas supplied = amount of gas adsorbed (5)
C,0t, = NAsz (6)

However, since Mecklenburg had plotted t, versus z and found that when
t, was zero, it resulted in critical bed depth, Aps representing that por-
tion of the total adsorbent bed just sufficient to reduce the concentration
to an arbitrarily chosen break value of Cb' By introducing the concept of
an adsorption-ineffective portion of the bed, the effective portion became
z - A Thus

tb=——c—’6(2 - }‘C) (7)

The critical bed depth e could be expressed in terms of the Reynolds
Number and Schmidt Number

'\C = )\t + )\r
0. 41 0.67
d Vo c C
- 2.303 p 9 0 o
e ( . ) (550 ]H(CEJ + kv In (Cb) (8)

The breakthrough analysis up to this point was based upon a mass bal-
ance which stated that the quantity of gas sent into the adsorbent bed

4Syecklenberg, W. Z. Electrochem, 31, 488 (1925).

6klotz, 1. M. The adsorption wave. Chemical Reviews, Vol. 39, 241 (1946).
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could be equated with the quantity adsorbed by the bed. The only differ-
ence amwng the equations was the functional dependence ascribed to the
critical bed depth. Underlying this mass balance concept were the follow-
ing assumptions:

(a) That the adsorption wave progressed through a bed of carbon
granules as a square wave front, each infinitesimal depth of bed, dz be-
coming saturated with the gas, under the conditions of relative pressure
and iemperature prevailing for the test, before the air-gas mixture moved
to the next infinitesimal section of bed. As the bed became saturated with
adsorbed gas, the section of bed furthest from the incoming gas, which was
of a thickness just sufficient to reduce the incoming gas concentration C0
to the arbitrarily chosen break concentration Cb became the critical bed
depth.

(b) That the breakthrough concentration Cb was very small compared
to CO.

(¢) The adsorption was irreversible or its near equivalent in terms
of driving force and equilibrium constant.

A new approach to the kinetics of gas adsorption by beds ot adsorbent
granules was made by Wheeler and Robe]]so. For a bed initially clean (no
previous exposure to a vapor adsorbate) the continuity equation of mass
balance per unit area is:

Weight of vapor _ Weight of vapor + Weight of vapor (9)
flowed into bed = adsorbed on bed = flowed out of bed

z b
MC Vo t = p f W(z)dz + MVu C(z,t)dt (10)
0 b B.~o o

where M is the molecular weight, og the bulk density, W(z) the weight of
vapor adsorbed per unit weight of adsorbent at point z. The form which
the breakthrough equation took for the adsorbent bed was

50

Wheeler, A. and A. J. Robeil. Pertormance of fixed-bed catalytic re-
actors with poison in the feed. J. Catalysis, Vol. 13, 299 (1969).
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c

PpWe Va 0\
t, = g—— [z - n(K +=)] (1)
b MCOVa Eads C:

where K was a dimensionless constant which described the shape of the con-
centration-time breakthrough curve, and varied from 0.368 to 7.39. we was
the saturation capacity of the adsorbent bed and kads the adsorption rate
constant.

Wheeler's equation was modified by Jonas and Svirbe1y5] for greater
applicability

Ne onQ C

B 0
t, = ~ox [W - n( (12)
b= T,0 W - kg e

where Q is the volumetric flow rate and W the total bed weight. This equa-
tion has been experimentally verified and is valid in the range

0 < U&t) . o.04.

0

IST;Jonas, L. A. and W. J. Svirbely. The kinetics of adsorption of carbon

tetrachloride and chloroform from air mixtures by activated carbon. J.
of Catalysis, Vol. 24, 446-459 (1972).
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EXPERIMENTAL

To accomplish the objectives of this study, three major pieces of
equipment were designed and constructed:

(a) Dynamic vapor test apparatus

(b) Equilibrium vapor transport sorption-desorption apparatus

(c) Sweat applicator

Adsorbent Material

The adsorbent material was developed by the U. S. Army Natick R&D
Command for use as a protective overgarment to adsorb chemical agents,
especially poisonous gases. It consists of a layer of polyurethane foam
bonded to a nylon tricot and impregnated with activated carbon held on
the material with a polymer latex birder. A detailed description of the
adsorbent material has been given in the introduction. Samples of the
carbon impregnated foam material were received as bolts of cloth.

Method of Conditioning the Carbon Impregnated Foam Material

A me > of conditioning the samples was derived to improve consist-
ency from sample to sample. The carbon impregnated foam material was cut
by a carefully machined device to stamp out ¢ircles of cloth 5 1/4 inches
in diameter. The circular samples were then soaked in distilled water for
twenty-four hours, wrung out between rubber rollers, and allowed to equili-
brate in a room maintained at 70°F and 65% relative humidity. Treatment
with other solutions (e.g., sweat, lactic acid) was accomplished by follow-
ing the water conditioning with treatment by the appropriate solution and
again allowing the sample to equilibrate at 70°F and 65% relative humidity.
Valid comparisons could ther be made between different treatments and also
among conditioned samples for different run conditions.

The adsorption bed was composed of either single or multiple layers of
the carbon impregnated foam material. For this study, beds of one, two, and
three layers were considered. In this manner the effects of different bed
depths could be studied.
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Measurement of Void Fraction

The cloth porasity, a = (1 - vs/v), was determined for various bolts
| of carbon impregnated foam material. Material thickness was measured by
; placing a sample between two pieces of flat aluminum sheets and measuring
{ the thickness of the sandwiched material with a micrometer gauge, accurate
} to 0.001 inch. Compression of the sample by the aluminum material and
gauge was slight. The sample weight, Wes and area, A, were determined and
i the sample was submerged in water with an attached dead weight of mass 5.00 g
and volume 5.00 cm3. After air had been expelled from the sample the com-

% bined weight of the submerged sample and dead weight was determined with a

,; McPherson balance. The porosity was then determined from the bouyant force, ]
; W,» by the following equations: 3 4
i W, = (wf + 5.00 g) - pH20 (vs + 5,00 cm”)

: 3

; Ve = 5.00 em” + (wb - We -~ 5.00 g)/pH20 (13)

' a=1- V/V

Table 1. Physical Properties of the Adsorbent Material

5 .
RSO VI

; Cloth Type _ Cloth Thickness cm Porosity o

. Bolt 2 0.172 0.846

X Bolt 3 0.183 0.813

. Bolt 4 0.174 0.860
Pluton B-1 0.062 0.440
British Cloth A46C54 0.060 0.865

British Cloth P99 0.066 0.880

Dynamic Vapor Test Apparatus

A schematic of the apparatus for the study of the dynamics of carbon
tetrachloride vapor adsorption by carbon impregnated foam material is shown
in Figure 7 with a 1ist of components in Table 2. The apparatus was de-
signed to cover a range of vapor flow rates and carbon tetrachloride con-
centrations (Table 3). The apparatus was sufficiently flexible, however,
that operation substantially outside these ranges are possible if necessary
by minor modifications. In Table 3, concentrations and flow rates are shown

1__..,.__.._...
T TR
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! Table 2. Components as indicated in figure 7.
w 1. Control Valve size C, = 0.038
% 2. Control Valve sizu C, = 0.00145
} 3. U-tube Manometer
'I 4. Carbon Tetrachloride Bubbler Chilled at 0°C
| 5. Orifice Meter
{ 6. Hook-Gauge Manometer
j 7. Control Valve size CV = 0.15
» 8. Rotameter ;
¥ 9. Rotameter %
K 10. On-off Valve :
| 11. Rotameter .
§ 12. On-off Valve :
‘j 13.  Thermocouple
P 14, Temperature Equilibrating Coil
’J 15. Tangential Entry of gas into Manifold tc Facilitate Mixing i
X 16. Wire Mesh Obstruction to Improve Mixing ;
,w 17. Stainless Steel Manifold
‘ 18. On-off Valve
{ 19. Sample Holder
| 20. U-tube Manometer !
% 21. Thermocouple !
K 22. Rotameter !
23. Control Valve size Cv = 0,15
24, Control Valve size CV = 0.15

-
o
o

Plexiglass Compartment

A&B Conc. of CCI

4

i C,D& Flow rates

T TR TG TRR T e
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Table 3. Design Concentrations and Flow Rates
Concentration Flow Rate
Mg CC14/1iter Liter/min
A B ¢ D E
283.6 1.0 9,965 0.035 10.0
283.6 2.0 9,93 0.07 10.0
283.6 5.0 9.825 0.175 10.0
283.6 7.0 9.755 0.245 10.0
283.6 | 10.0 9.65 0.35 10.0
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at points identified on Figure 7. The apparatus has six functional fea-
tures:

) vapor generating device (4)

) vapor mixing system (15, 16)

) temperature equilibrating coil (14)
) constant temperature box (25)

) vapor adsorption chamber (19)

)

detection of penetrating adsorbate concentration
by gas chromatograph

- O O O T

(
(
(
(
(
(

This apparatus consisted of a flow system of 1/4 inch stainless steel
tubing with an adsorption chamber encased 1in a plexiglass box for constant
temperature control. A pure nitrogen stream from the nitrogen supply cyl-
inder was split at the inlet and sent through lines (1) and (2). Nitrogen
in line (2) flowed through carbon tetrachloride bubbler (4) jmmersed in an
ice-bath to saturate the nitrogen stream with carbon tetrachloride vapor at
0°C. The pure nitrogen stream in line (1) flowed through an orifice (5)
which had a Hook-Gauge manometer (6) in parallel and a rotameter in series.
This pure nitrogen stream was mixed with the nitrogen-carbon tetrachloride
mixture for dilution to the desired concentration. The pure nitrogen in
Tine (1) was set roughly by the rotameter (8) and then adjusted by measur-
iry the pressure drop across the orifice to one ten-thousandth of an inch
of water with the Hook-Gauge manometer,

The diluted nitrogen-carbon tetrachloride mixture was sent into the con-
stant temperature box (25) through a temperature equilibrating coil (14) and
into a manifold (17). A vapor stream was drawn from the manifold at (18) and
sent through the sample holder (19) at a flow rate set by rotameter (22).
This sample holder consisted of two cups between which the foam material was
sandwiched, tightened with a clamp, and sealed with wax. The top cup con-

tained a perforated metal sheet to assure uniform gas fiow through the sample.

The vapor stream leaving the sample holder was sent through a gas collection
coil on the chromatograph and the remainder of the vapor mixture entering the
manifold was vented through an exhaust hood (23).

Apalysis of the carbon tetrachloride concentration in the stream exiting
the sample cup was made by a Perkin-Elmer gas chromatograph using a column of
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silicone 0il D.C. #200 (Perkin-Elmer Column C) with a thermal conductivity
cell. The exit vapor flowed continuously through a 1 cm3 sample loop,

except when the sample was injected into the chromatograph. At each injection
the varor stream was diverted to a vent and the flow through the sample was
readjusted due to the pressure change. The sample injection time was small
erough that the gas concentration was essentially constant during this

period, The required time for analysis in the chromatograph (resolution

time) limited the injection frequency to one every three minutes., The
apparatus was arranged and operated such that the transportation delay

between the bed and the sample injection site and between the sample injaction
site and detector were minimized in order to reduce the disparity in moments

of the bed from that of the observed moments,
A Moseley strip chart recorder monitored the chromatograph output.

Reference peaks for the inlet concentration were obtained at the beginning
and end of each adsorption run by taking a sample stream from the manifold
at (26) and sending it through the chromatograph. From the recorded output
(chromatographic curve), transmission or breakthrough curves of C(z,t)/Co
versus time were generated.

Sample Holder

Photographs of the sample holder furnished by the Natick R&D Command
are shown in Figure 8. MWhile the inside diameter of the sample holder is
4 inches, the rounded edges at the flange which clamps the sample causes
a large uncertainty in the flow area through the sampie. For this holder
the exposed sample area was estimated to be approximately 100 cmz.

To eliminate this uncertainty, and also to decrease the possibility
of radial diffusion of vapor into the clamped area of the sample, a new
sample hoider was designed. Photographs of the new holder are shown in
Figure 9. The inside diameter of the sample holder was kept at 4 inches,
giving a well defined flow area of 81.1 cm2. The new sample holder has

the following features:
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(a) Exact positioning of the top and bottom cups to greatly
increase resistance to flow under the lips

(b) Tangential entry of vapor for more uniform flow through the
distributor

(¢) Conical geometry of the bottom cup to remove regions of dead
space

(d) Holder positioning pin for better consistency of fitting

(e) Accurately defined flow area

(f) 0-Ring seal for preventing leaks

(g) 0-Clamp and wax sealing system

Figure 10 shows the difference in breakthrough curves for the new and
old sample holder. The run conditions are Co = 7.76 mg/2, Q = 1.0 ¢/min
and T = 32.5°C. It was observed that the total amount adsorbed in the new
holder is less than that in the old one, primarily because of the reduced
flow area in the new holder. A comparison of the runs made in the two
sample holders is given in Table A-l2.

Consistency and Reproducibility of the Vapor Test Apparatus

It is believed that some of the scatter observed in the data in experi-
ments on various samples of foam material are due to the following uncertain-
ties in the properties of the material:

(a) amount of carbon in a sample

(b) carbon particle size and distribution

(c) nonuniform nature of flow through a foam matrix.

A series of runs was made on two layers of foam material to test experi-
mental reproducibility of the two-layer samples. The sampies were regenerated
in the sample holder and the adsorption runs repeated. Regeneration was
achieved by placinyg the sample holder with the samples still in place in an
oven at 50°C and blowing air at 50°C through it for thirty minutes. The flow
rate of air was approximately 1 CFM. This method was successful in regenerat-
ing the cloth without apparent damage. It was observed that the adsorptive
capacity of the samples decreased somewhat between the first and successive
runs. This is believed due to the presence of some active sites where the ad-
sorption is irreversible. The remair‘1g sites can be regenerated giving rise

B e i
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to identical transmission curves for runs two through three. Figures 11
and 12 11lustrate the excellent reproducibility of the data from these
runs and indicate the consistency of the apparatus and experimental pro-
cedure, Consistency of the apparatus refers to the ability of various
experimental -omponents (rotameters, manometers, thermocouples, etc.) to
qive the same output for identical conditions.

Equilibrium Vapor Transport Sorption-Desorption Apparatus

Quartz helical springs supplied by Worden Quartz Products, Inc.,
Houston, Texas, were used to measure the weight gain or loss in equili-
brium adsorption experiments. The springs had a maximum extension of 150
millimeters tor a load of 3.0 grams. The springs were calibrated by meas~
uring the extension as a function of known load between 0.0026 grams and
1.5000 grams in a Jjacketed vessel at 31°C. A lijnear relationship be-
tween the spring extension and the load was found, with sensitivities of
49.7401 and 51.1761 millimeters per gram, for the two springs.

The extension of tae quartz spring during the transient period of
the sorption and desorption rins was monitored using a cathetometer having
a range of 100 centimeters. The preéision of the relative weight measure-
ment, determined by the cathetometer was + 200 u grams.

The vapor sorption-desorption experiments were conducted in two simi-
lar chambers connected to the same manifold, of which one is shown schemati-
cally in Figure 13. Both chamuers wera serviced by a high vacuum line
equipped with a Cenco high vacuum mechanical pump and a 1iquid nitrogen
cold trap to obtain pressures as low as 10'6 mnHg. Each system consisted
of a thermostetted chamher in which the sorption experiment was conducted,

a vapor supply source, a mercury manometer and a 10 liter vapor reservoir.
Dissolved gases were removed from the liquid used in the vapor sorption
studies by repeate! freeze-thaw cycles under high vacuum,

After suspending the sample from the quartz pan held by a quartz spring,
the entire system, vacuum manifold and spring case, was degassed for approxi-
mately 17 hours in a dynamic vacuum of about 10'6 mmHg. The spring case
stcpcock was then closed and carbeon tetrachloride vapor was bled into the re-
mainder of the system to provide the desired relative saturation for the

total systom when the stopcock was reopened. The stopcock was opened quickly
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1.0F — e + ~+
Temperature 32,5°C © ®
Flow 1.0 &/min

0.84

0.4
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Tnlet conc. T.T6 me/s
No. of leyers 2
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Figure 11, Reproducibility runs
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Figure 12. Reproducibility runs
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to make the change in vapor pressure appear a step change. To prevent
damage to the spring, small pressure changes were introduced. The stop-
cock was closed following the admission of the vapor inte the spring case.
The weight gain of the sample was recorded as a function of time until
equilibrium was reached.

Desorption was performed in a reverse manner, The vacuum manifold
was evacuated with the stopcock closed. At time zero, the stockcock was
opened to rapidly evacuate the spring case and begin the desorption pro-
cess. The weight loss during desorption was recorded versus time until
equilibrium was reached. For all experiments conducted, a new sample was
introduced for each isotherm.

The spring case was water jacketed to control the temperature of the
vapor and sample during the adsorption and desorption studies to + 0.05°C.
The entire chamber was not jacketed, thus introducing vapor circulation
caused by a temperature gradient when the system was being controlled at
high vapor pressures and temperatures differing from ambient conditions by
+ 5°C. This was avoided by properly insulating the non-jacketed part of
the spring case. A sufficient flow rate of water through the jacket was
maintained to prevent a drop in temperature between the water bath and the
spring case.

The vapor pressure in the system was measured with a closed end mano-
meter. The vapor pressure in the spring case was checked periodically by
opening the spring case to the vacuum manifold. The vapor pressure was
found not to vary by more than + 3 mmHg.

Apparatus for Sweat Application

Before beginning experiments on the development of an effective me-
thod of reducing sweat poisoning of a material, reproducible and realistic
procedures for applying sweat and its constituents to the carbon impreg-
nated foam material were devised. An applicator was designed and tested
which provided for the application of sweat to the foam material from one
side only, in a manner similer to the transfer of sweat from the human body
to the material. The apparatus is shown in Figure 14.

The applicator consisted of a cylindrical vessel, six inches tall and
five and one-half inches in diameter. The top was covered with a
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?| quarter-inch sintered stainless steel felt porous material. A fitting
was connected to the bottom of the vessel through which the apparatus
was filled with sweat or its constituents.

The application procedure consisted of laying the carbon impregnated
foam sample, nylon side down, onto the felt porous material of the com-
pletely filled applicator. The sample was left on the applicator until
no further decrease was recorded in the level of the attached observation
leg. More sweat or its components were added depending on the amount re-
quired for treatment. The treated sample was removed, weighed and placed
in the constant relative humidity and temperature room for equilibration.
The total amount of sweat or its components adsorbed correspond to the

initial amount adsorbed by capillary action plus the amount added subse-
quently.
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With this device it was thus possible to apply sweat or its compon-
ents in any desired amount to the material. It was aiso possible to ap-
ply the chemicals with an untreated or treated undershirt material between
the carbon impregnated foam and the sintered stainless steel felt porous
material of the applicator. |
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BREAKTHROUGH TIME ANALYSIS

For fixed bed adsorption processes the breakthrough time is of pri~
mary importance in most applications. This i1s especially so for the pre-
sent study of the adsorption of vapors in protective clothing materials.
For this study the breakthrough time was defined as the time when five
percent of the inlet concentration (éL = (0.05) appears in the exit flow
stream. 0

It is possible to predict the breakthrough time from any of the
fixed-bed adsorption models reviewed earlier in this report, when all of
the model parameters have been evaluated. To predict the entire break-
through curve for the carbon impregnated foam material, an overall adsorp-
tion coefficient model has been developed and is presented in Part II of
this report.

The present analysis seeks to obtain equations governing the break-
through phenomena and relate them to experimental measurements. The in-
terrelation of the important variables, i.e., number of carbon impreg-
nated foam layers (bed depth), gas flow rate, inlet gas concentration,
residence time and temperature on the breakthrough time have been studied
in detail to give an understanding of the factors governing the behavior
of this system.

Development of the Breakthrough Time Model

For the present study, the adsorption bed was composed of carben
particles, assumed to be spherical, embedded in a matrix of urethane foam.
The development of the breakthrough time model for this system was done by
making a material balance over an elemental thickness of bed, which gave
rise to the following eguation. The symbols are defined in the 1ist of
symbols.

If the controlling mechanism in the early part of a run is considered tc be
an irreversible adsorption reaction which is first order in active sites
and adsorbate concentration, the local rate of removal can be expressed as:

1, it o2 U m st ton e
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; aC
i ads _ ) \
Tl k C (No - Cads) (15)

i where k is the adsorption rate constant and NO the capacity of the adsorb-
ent or the number of active centers of unit activity per unit weight of
bed. Amundsoanagives the solution to these two equations

Co -ktco k oF
; 7t = 1+ [exp (=) lexp (—) - 1] (16)
| where
|
A . o 1-¢
; e (17)
|
i and
{
1 N kN _z KtC
d o . 0 "0y _ g7 :
’i Cads 1+ EEXP (‘T)][exP ( 3 ) 1] (18)
: If the breakthrough time tb js defined as the time at which the con-
% centration of the gas escaping the bed reaches some specified value
4 C
'} Cb’ (fg = 0.05), then by substituting C = Cb at t = t, in Equation 16 and
, 0
{ rearranging we arrive at the desired form:
|
/ . kN _z C

b= g [In (exp (=) = 13 = In (2 - 1)) {19)

0

It should be mentioned that Equation 18 could also be rearranged in
the same form as Equation 19 as shown below

* Coth
[ hence
kN z N
- 0 0 . o
tb‘F%o'[]n{exp ( V )+ (M*']) In (M? ])] (21)

25aAmundson, N. R., A note on the mathematics of adsorption in beds. J. Phy.
and Colloid Chem., 52, 1153-1157 (1950).
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However, since Cads is not a directly measured quantity but a calculated

one, the breakthrough time analysis that follows will utilize Equation 19.

Effect of Measured Variables on the Breakthrough Time

To study the effect of measured variables on the breakthrough time,
we can rewrite Equation 19 as

, kN 2z
byt ty @ E%: Tn [exp (——%—-- 1] (22)
where
. CO .
et - (23)

From the values of k and N0 obtained, as shown in Table 4, it was possible
to verify the following assumption

kNoz
exp (=—7~0 >> 1 (24)

Hence, we may write
N_.J
.0
tb+t-|—C;-V-Z (25)

Now by defining residence time, 7, as

.2
v s (26)

and substituting for the quantities defined eariier, we can write

W.o  ZApa
I S N
R @

Equation 25 can now be written as

N j NJ aA.z
tb=-g;(r-Tf)=»g—;(g-Tf) (28)
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' | where Tf is a fictitious resident time, a feature of the model, below
which the bed breaks down and is given by the relation

1 Co
Tf'-‘-"N;E]n ('E;-]) (29)

Equation 28 is a simple equation representing the breakthrough time.
It suggests that the breakthrough time varies directly as the number of
carbon impregnated foam layers, or bed depth, and inversely as the gas
flow rate and inlet gas concentration (Figure 15). From Equation 28 and
Equation 29 we observe that the value of No was obtained from the slope

e o i ——————

E™

&

:_E of breakthrough time versus (555) graph, while k was determined from the
_ >g o

?f! intercept on the ty axis of the same plot. The breakthrough time may now
;*1 be written as

& t = K+ B ke (30)

B 4‘ b nCOQ

where

K= - E%;']" (;ﬁ‘ﬂ 1) and B = Ny iAo
Thus A and B are functions of model parameters k and N,» and n in Equation
30 is the sample weight normalizing factor given as the average sample
weight divided by the real sample weight. This assumed that the adsorhent
capacity, No’ was a linear function of the real weight of the sampie. A
statistical fit for the breakthrough time from the Central Composite Sta-

_;i : tistical Design (Appendix A) of experiments (50 runs) revealed the following:
l , t, = - 5.87 + 1191.70 h‘t‘zﬁ (31)
: 0
for

5.0 mg/1 < C, < 12.0 mg/1
0.5.1/min < Q < 1.5 1/min

1, 2, or 3 layers




" . e e Sl e e .L._,.
"
VO u
K\Nlol SNSISA SWIY YSnOoAyjyeadq TeuUSWIISAXS JO 3074 °GT 9InSTd
wC
(urm) 22
7
enT® ST lgo- 560° T¢G® £00°
+ + — +— O
w %
%t oo o®
20
ode

® o %0 | =

° W el

.g . 0

t L O o

oo o o oy

® o]

e o o

® ©® W.

o

® [n]

L ] @

AT -

& . T 2
2 S :
] ® ) 3

<

;)

(=3

o

(=N

| 3
<+ 102t

3

® o

=

s + 097
®
[ ]
= - - T sl e VG Solpei - Ao R P 1 S — T
e * L




PR S S

—a s,

MR A
CYVIRVSSY S i

~E3-

The variation of breakthrough time with temperature, T, was not statisti-
cally significant; however, this was probably due to the small tempera-
ture range (25°C < T < 40°C) considered. Figure 16 compares the experi-
mental values of the breakthrough time with the model values obtained from
Equation 31.

An equation of the form

ty (Model) =a + b ty (Experimental) (32)

was fit with a least square technique to the data; the results are shown
in Table 5.

If the modc? is an accurate prediction of the breakthrough time, the

Table 5. Table of standard error

; Number
a b of 2
(Standard Error) Observations F R
p.9927 0.9313 47 608.25 0.931
(2.2049)  {0.0378)
expected form ot Equation 32 is
ty (Model) = 0 + 1.0 ty (Experimental) (33)

The Student's t Test was used to compare statistically the best esti-
mates of a and b against the expected value of zero and one. These tests,
summarized in Table 6, show that none of the best-estimate values of a and b

Table 6. Table indicating significance at 95% confidence level

: Significant Significant

Value of %at 95% Value of %at 95%

it for Confidence t for Confidence
a level) b Teve?!)

i 1.257 No 1.820 No

e

| S .
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were significantly different from the expected value at the 95% confidence
level. That is, the calculated value of the breakthrough time is statisti-
cally the same as the experimental value. The scatter that does exist in
Figure 16 is probably due to the following uncertainties iaherent of the
adsorbent;

(a) amount of carbon in a sample

(b) carbon particle size and distribution

(¢) nonuniform nature of flow through a foam matrix embedded with

carbon
A justification for these uncertainties has already been given.

Generality of the Breakthrough Time Model

Ficure 17 shows the breakthrough curves for one and two layer runs on
conditioned samples of Bolt 2 material as determined frem the Breakthrough
Model and the Overall Adsorption Coefficient Model described in Part II.
The model predictions are shown as solid Tii-2s and the experimental data
are plotted as symbols. Figure 18 shows the comparison for two and three
layer runs. An evcellent agreement of the overall adsorption coefficient
medel and experimental results are seen for the complete breakthrough. Tt
was observed, from the figures, that the breakthrough model follows the
experimental curve up to L/C = 0.08. The va1ues of parameters k and N
determined from the breakthrough model with E*‘< 0.08 were in exce11ent

agreement with the analysis postulated thus f&r. For éL-Z_O.OB, the break-
)
through model does not hold.

Effect of Model Parameters on the Snape and Size of the Breakthrough Curve

Both the Breakthrough Time Model and the Overall Adsorption Coeffi-
cient Model are two parameter models. A test of the sensitivity of the
Breakthrough Time Model to changes in the parametersk and N, is shown in
Figure 19 and Figure 20. While the former demonstrates the prediction of
the breakthrough curves when k is changed by 25%, the latter shows the sen-
sitivity to a 25% chenge in NO. It was nbserved that the area under the
(1 - %~J versus time curve remains the same by a variation in k and the

0
model is not very sensitive to changes in K. This indicates that some of
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the scatter in experimental values of this parameter is not significant.
Figure 20 shows the effect of changing the adsorbent capacity parameter,
No’ as predicted by the model. The character1st1c shape of the curve is
the same but the area under the (1 - f—) versus time curve is different.
This reflects a change in the total amount adsorbed. The variation in N
also affects the most critical zone of interest (0 < C— < 0.08) from the
point of view of breakthrough time,

It may also be pointed out that a change similar to k is observed by
altering UA, while N  is analogus to KA of the Overall Adsorption Coeffi-
¢ient Model.

While the use of the breakthrough time model is not Timited to a com-
plex adsorption system 1ike carbon impregnated foam material, its chief
advantage lies in the simple approach to modeling. It is, however, pos-
sible to predict the breakthrcugh time from any of the fixed-bed adsorption
models that have been proposed when all the model parameters have been eval-
uated. Using these methods for predicting breakthrough time is somewhat
time consuining since the breakthrough time must be found by numerical inte-
gration of the model solution., The breakthrough time model proposed herein

is an alternate, simple approach to the study of the phenomena of break-
through time.

The model works well for the carbon impregnated foam material for the
range of inlet concentration, flow, and bed depth used in this study. Some
of the coefficients may be a function of temperature, but due to the small
range considered, the effect of temperature on the model parameters was not
statistically significant.
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INVESTIGATION OF SWEAT INDUCED DIMINUTION OF THE
EFFECTIVE CAPACITY OF PROTECTIVE CLOTHING

Protective clothing containing charcoal may be exposed during stor-
age or wear to a variety of materials which could be detrimental to the
adsorptive ability of the charcoal and to its function as a chemical war-
fare agent barrier. Poisoning of charcoal during wear has been attributed
to sweat. Although carbon impregnated foam material has been in existence
for some years, there is little definitive work on the effects of sweat on
these materials. It has been established that in most cases the loss of
protection is caused by poisoning rather than by loss of impregnant. There
has been no systematic study of the constituents of sweat responsible for
poisoning of charcoal impregnated foam responsible for poisoning of charcoal
impregnated foam material. The quantitative data available on the extent of
gxposure to sweat required for a given degree of poisoning is inadequate.

Formulation of Simulated Sweat and Comparison with Real Sweat

Simulated sweat containing the principal organic and inorganic sub-
stances known to be present in whole sweat has the following composition: °

Simulated Sweat

Sodium chloride 8.0 ¢
Potassium sulphate 0.5 g
Sodium sulphate 0.1¢g
Magnesium sulphate 1.02 g
Calcium chloride 0.04 g
Urea 0.5¢g
Glucose 0.15 g
Lactic acid 1.0 ¢
Pyruvic acid 0.03 ¢
Ammonium hydroxide to pH 7.5
Water to 1 liter

One difference between real and simulated sweat is in surface tension.
The surface tension of the simulated sweat i1s close to that of distilled
water, 75 dynes/cm, while for several samples of real sweat, it has been
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52 measured to within the range of 42.5 to 44.0 dynes/cm, indicating the pre-
'! sence of some surface active material., Other differences also exist.

' Simulated sweat, for example, is colorless, clear and praciically odorless
and when evaporated, leaves a colorless crystalline residue while real
sweat is generally yellow brown in color, slightly turbid and has a dis-
tinct odor. MWhen evaporated, the residue is brown and contains crystals
together with some amorphous material. Except where indicated, the re-

l

'A sults reported here were obtained using simulated sweat.
it
£l Equilibrium Adsorptive Capacity of Carbon Impregnated Foam Material
.q

; Equilibrium adsorptive capacity of untreated carbon impregnated foam
) material was obtained in the McBain Balance as a reference for comparison
4l with different types of treatments. The method of treatment of carbon im-
£1 pregnated foam material with sweat or its constituents was accomplished by

o following the water conditioning with a treatment by the appropriate solu-
; tion and again allowing the sample to equilibrate at 70°F and 65% relative

¥ humidity. The samples were then used to obtain carbon tetrachloride equi- it
| librium adsorption isotherms.

Figure 21 shows the poisoning effect of whole sweat on carbon impreg-

i% nated foam material. It is of interest to note that water conditioning re- !5
?i duces the capacity of the sample when compared to unconditioned foam mate- g’
? rial, Examination of the various treatments shown in Figure 21, indicates |
Qﬁ that the capacity of the material is reduced by about 50% by sweat treat-

g ment.

4W The adsorption isotherm of water on conditioned carbon impregnated
foam material is shown in Figure 22. Figure 23 shows the adsorption iso-
therms of carbon tetrachloride on conditioned foam material. The adsorp-
tion is linear up to a concentration of about 7.5 mg/%, and the slope is
KA.

L R

The Effect of Individual Constituents of Sweat on the Adsorptive Capacity
of Carbon Impregnated Foam Material

R

A number of substances were selected as representative of the principal
constituents ¢f sweat, and their effect upon the carbon tetrachloride capacity

TR




i X

e T e T c e W mm e it g e em mee

-63-~

D062 IB TRTISYRW wmoj

Po3BUS3IdU] Uoqaed £~1T0g PaeRadl] Uuo +Troo Jo mrayjost uotqdiospy - Tg aandtd
ToIjednies SATIBTSY
0T 6°0 g°'0 L0 9°0 g'e 170 £°0 G0 T 0 C

(3usqrospe F)/(peqiospe nrgo d)

A
-
A“ Ve TeTJ99BW WEOJ DSIBaI] JEOAS g £ 0
\ TBTI973W WeOJ DPIUCIFTPUOD
L .
f TRII39BW @BOJ DIFRSI] QUSNLTISUOD DIUBFIOUT ¢ e
TETISBW Weoj ,DSAT223I su, © .
4 + + + —~+ + — + 4~ 70
T T T TS TRl T e S TIOTw i oy e Sef TS pTE o e e ST l;.l-.ll‘
L T SIS ry,,,..,”,,.wh\w,w;.b,..hl...v.v”W...,.i.,w:.ﬁ%-.,‘,r...,E.;. ,F;.if.!yz.l?i?: PR N sl ‘ o oA A S AR DT




-64-

TeTIajeW weol pogjeufsadur
UoQIeo paUCTIIPUOD £-370¢ UG J3]BAM 40 wasyjosT uwotydaospy uz sandty

UOTJBINGES SATIBTEY

(2usqaospe F)/(DPaqIoSps 18784 9)

0T 9 80 L0 g0 §0 w0 €0 2o 10 g
Q\\\\\\Dnom\\ﬂ%ﬂ‘;o
v
1 \D e} 1300
o \
0
4 007 \
A DaE T10
\ 9013
v o $$T°0
\
+- " Y . , 20
D L TE T T T LT E TN AT T TR —

Tl e T T L e D DT T Tl DI, Ul Tawa <




=

-65-

TBII9%BE WBOJ pajsudsadut
uogaBd> £-4T0g PEUCTLIPUOD uo ITn) Jo mIaylost uoIjdaospy

(1/3®) UOTABIUIOUCD SJBAIOSDY

06 cg ) 09 0 oy o 0z

- > >

‘tC san3Tg

+0T°0

1 2T70

18170

9T"0

(1usqxospr F)/(peqaospe o0 3)

DR e ——




|
|
1
i
|

QT AR R

ST RIS e A

-66-

of carbon-impregnated foam material was determined. rh: procedure was simi-
lar to that used for determining the effects of whole sweat. Water was used
as solvent for the sweat constituents. The selection of the substances to

be examined was based upon the reviews of the chemical composition of sweat
by Robinson and Robinsonsz. Since the data shown in Figure 21 indicated

that the organic constituents of sweat poison the cloth most severely, this
work concentrated on those constituents. In Figuras 24 throuch 26, the data
obtained for lactic acid, urea and glucose treatment (thise being the prin-
cipal constituents of sweat), are shown. The concentration of each of these
reagents in their respective solutions was the same as that reported for
whole sweat: lactic acid - 1 g/4, trea - 0.5 ¢g/%, and glucose 0.15 g/x. A
comparison of the poisoning by these components shows (Figure 27) that lactic
acid is most severe in inhibiting the tota! amount of carbon tetrachloride
adsorbed and reduces the capacity of the cloth by 10% with respect to condi-
tioned material and 38.6% when ccmpared to untreated sample. Glucose and urea
treatment, surprisingly enhance the capacity when compared to a conditioned
sample.

The Effect of Sweat and its Constituents Upon the Dynamic Adsorptive Capacity
of Carbon Impregrated Foam Material on Complete Saturation

Breakthrough curves were obtained at difrerent experimental conditions
for as received (AR), conditioned and dried (D), cornditioned (WT), sweat-
treated (ST), lactic acid (LA), urea (U), and real sweat treated (RST) foam
material sampies. Data for these runs are compiled in Table A-7. Conditicn-
ing consists of soaking the sample in distilled water and then allowing the
samples to reach equilibrium in a constant temperature (70°F) and relative
humidity (65%) room. Dried samples wzre obtained by plaring conditioned
samples in a desiccator for at least three days before using. The weights
used in normalizing the amount adsorbed were weights recorded after removal
from the constant humidity room. The samples labeled as received were noti
conditioned and their recorded weights were increased bv 10% for consistency

52

Robinson, S. and A. H. Robinson. Chemical composition of sweat. Physio-
logical Reviews, 202-220 (1354),
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in the normalizing procedire as the cloth incressed 10% in weight after
conditioning due to adsorbed water.

1. Sweat Poisoning of Charcoal Impregnated Foam Material

Samples were sweat treated by soaking nine samples in 18 liters of
simelated sweat overnight and then placing in a room maintained at a con-
stant condition of temperature (70°F) and relative humidity (65%). A large
volume of simulated sweat was used to assure that the initial concentration
of sweat components would be approximately equal to the equilibrium concen-
tration and thus provide consistency in the total amount of these components
adsorbed for future comparisons. Figures 28 through 31 show a comparison
of various types of treatment as & percent deviation from the conditioned
samples at two different run conditions for 1 and 3 layers. The properties
considered were the breakthrough time, tb’ amount adsorbed at breakthrough
per unit weight of sample, Mh*, total amount adsorbed per unit weight of
sample, Mt*, and adsorption equilibrium constant, KA'

Drying the cloth in a desiccator after conditioning increased t, and the
amount adsorbed to break, Mb*, for 1 layer, but had little effect on Mb*
for 3 layers. The total amount adsorbed, Mt*' does not secem to be affected
by drying.

Samples used as received had an Mt* slightly less than that of condi-
tioned material but an Mb* that was much less for 3 layer runs.

Sweat treatment consistently decireased the total amount adsorbed by
about 10%, but effected Mb* according to run conditions. At a temperature
of 32.5°C, flow of 1.0 ¢/min and inlet concentration of 7.87 mg/1, Mb* is
decreased by about 5%; however, at a temperature of 37.0°C, flow of 1.3 2/min,
and inlet concentration of 10.47 mg/%, Mb* is decreased by about 20%.

Values of KA showed no significant variation except for sweat-treated
samples for which KA was consistently about 10% lower than that of condi-
tioned samples.

2. Poisoning of Charcoal Impregiated Foam material by Sweat Components

To investigate the influence of sweat components on the breakthrough
curves, samples of Bolt 3 charcoal impregnated foam materijal were conditioned
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and treated with the solution of the appropriate component. Data for these
experiments are tabulated in Table A-8. Breakthrough curves were then ob-
tained and evaluated as discussed in the previous section. Figures 32
through 35 facilitate a comparison of the effects of sweat and its compon-
ents on the significant properties of the foam material, namely Mt*’ Mb*,
tb and KA.

Examination of Figures 32 through 35 indicates that lactic acid most
adversely affects the adsorption of carbon tetrachloride. Urea has no
poisoning effect on the adsorption for one-layer runs and shows only a
slight effect for three layer runs. Poisoning is sharply increased by
changing Condition 1 (T = 32.5°C, Q = 1.9 &/min and C, = 7.87 mg/&) to
Condition II (T = 37°C, Q = 1.3 4/min and Co = 10.4 mg/e).

At Condition I, sweat and sweat components decreased the total amount
adsorbed, Mt*’ and amount adsorbed to break, M *, by 5 - 15% of that of a
conditicned sample. At Condition II, Mb* decreased by 15% for three-layer
runs and by 20 to 25% for one~layer runs by the addition of real sweat,
lactic acid, high concentration of urea, and simulated sweat. The poison-
ing effect on fb and Mb* was a strong function of run conditions, but Ky and
Mt* did not show a strong dependence on run conditions.

Drying the samples soaked in high concentrations of lactic acid and
urea did not improve tb or Mb*, but did increase KA and Mt* when these quan-
tities were compared to non-dried samples treated with similar solutions.
This seems to indicate that the adsorbed poisons are responsible for decreas-
ing tb and Mb*, while the presence of water is partially responsible for the
decrease 1in KA and Mt* for one-layer runs.

3. Effect of Sweat Treatment of Carbon Impregnated Foam Material on the
Overall Adsorption Coefficient Model Parameters

It is of interest to observe the effect of sweat treatment on the overall
adsorption coefficient mode)l parameters (Part 11). Figures 36, 37 and 38
show comparisons for nine runs and show the effect of sweat treated material,
conditicned and dried material (Table A-9). The model prediction is shown as
a solid line and the experimental data are plotted as symbols. All of these
runs were on Bolt-3 material. Except for somewhat
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scattered data in Figure 37, the data fit is excellent. These results in-
dicate that the model is adequate for correlating breakthrough curves in
cases when the foam material's adsorptive capacity may have been altered

by sweat poisoning, addition of water or removal of water. The run condi-
tions in Figure 37 represent the upper range of flow rate and concentration
used in this investigation, and the experimental scatter is probably due

to the very rapid rise of the breakthrough curve coupled with limited
sampling frequency. Since KA and the rate parameter UA are calculated

tfrom the experimental data, the poor fit by the model in Figure 37 may be
due to either inaccurate data or differences introduced due to various
treatments. The model is helpful even with scattered data as it fits a
smooth continuous curve through the experimental points. On changing the
equilibrium adsorption constant, KA, the characteristic shape of tie curve
is the same but the area under the 1 - 91%&£l versus t curve is different.
This reflects a change ir the total amount® adsorbed, Mt*, whicle is propor-

tioral to the area under the 1 - Qiélil versus t curve and proportional to

0

K. However on changing UA the curve's characteristic shape is changed,

A Clz,t) s

but the area under the 1 - = c curve is unaltered. From these figures
we observe that sweat treatmen% does not change the rate parameter UA, but
significantly effects the equilibrium adsorption constant KA and the total

adsorption capacity.

The Effect of Sweat and its Constituents on the Dynamic Alserptive Capacity

of Carbon Impregnated Foam Material Upon Treatment Through an Applicator

Before beginning experiments on the development of an effective method
of reducing sweat-poisoning of carbon impregnated foam material, a reproduc~
ible procedure for simulating the uptake of sweat by a garment from a wearer
was devised. A discussion of the sweat applicator appears above.

Table A-10 includes data demonstrating that sweat treatment on the ap-
plicator reduces the total amount of CC14 adsorbed, M_¥, by about 24% and
the amount adsorbed to break, M *, by about 50% when compared to conditioned
cloth. Ffor those runs the amount of sweat applied was not recorded. However,
all samples were treated such that they were completely soaked with sweat.
Drying the conditioned samples only slightly increased Mt* but increased Mb*
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by 10%. These comparative results were consistent with previous runs on
samples from other bolts of clath.

Table A-11 includes data on tests resulting from other methods of
sweat application. Carbon impregnated foam material was sweat treated on
the applicator with a stream of air blowing over it to simulate a more
realistic physical situation. The total amount of CC14 adsorbed, Mt*.
was reduced by 23.93% and the amount adsorbed to break, Mb*, by 10.64%
when compared to conditioned cloth. Samples were also treated with real
sweat by placing samples on the human body (Table A-8). At a temperature
of 32.5°C, flow of 1.0 ¢/min and inlet concentration of 7.76 mg/%, Mb*,
decreased by 16.55% and Mt* decreased by 15.71%; however at a temperature
of 37°C, flow of 1.3 ¢/min and inlet concentration of 10,3 mg/2, Mb*, de-

creased by 33.89% while the decrease in Mt* was about 5% when compared to
conditioned cloth.

An extensive study of sweat and its constituent poisoning on the car-

bon impregnated foam material was done and the results are given in the
next section as a comparative basis for control of sweat poisoning.

i LU T O
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‘ CONTROL OF SWEAT POISONING
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The extent to which a garment can be affected by sweat depends upon
a variety of factors including the level and duration of actiVity. en- '
vironmental conditions of temperature, humidity, wind, and sun, as well
as upon the type of clothing worn. Garments worn in direct contact with
the skin may be expected to become soiled by sweat more rapidly and more

completely than those which are separated from the skin by other layers of
clothing.
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With some understanding of the mechanisms involved in the poisoning
of charcoal by skin secretion, it seems possible that a means of complete
or partial prevention of sweat poisoning might be devised. The prospect
of increasing the adsorptive capacity of the carbon impregnated foam mate-
rial by some physical treatment (radiation) is a distinct possibility. A
case of special interest, however, is that of a garment which,when worn
under the carbon impregnated foam material, provides a shield against all
but prolonged copious sweating. The loss of protective capability of the
carbon impregnated foam material during wear in this situation is favored

by the physical separation between the overgarment and the skin by an under-
garment.
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Increasing the Adsorptive Capacity of Carbon Impregnated Foam Material by
Radiation Treatment

There has been some evidence that radiation treatment increases the
adsorptive capacity of carbon. Experiments to test this hypothesis were
planned and conducted for the carbon impregnated foam material. The re-

sults are shown in Table A-13. For these experiments, conditioned carbon
impregnated foam material samples were used. The samples were irradiated
in a cobalt-60 source at a rate of 0.43 megarads per hour for various lengths
of time - 12, 24, and 72 hours. It was observed that both Mb* and Mt* in-
creased up to the 24-hour irradiation exposure (total dose of 10.32 megarads)
and then began to decrease (Figure 39). It is believed that the increase in
M.* and Mt* was due to the drying of the cloth caused by heat generated in
exposure of the cloth to radiation. This was evident from a very small chro-
matographic water peak obtained when the treated cloth was used in break-
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through runs. The decrease in capacity after 24 hours of irradiation was
attributed either to an alteration of sample structure, which adversely
affects the adsorptive capacity, or to a degradation gas released from the
foam which was then adsorbed by the active charcoal. There was

no obvious change in the appearance of carbon impregnated foam material
upon irradiation, however, after the 72 hours irradiation, the physical
strength of the ¢loth was greatly reduced.

Development of an Undergarment for Selective Removal of the Primary Poison-
ing Agent in Sweat

The selective removal of the primary poisoning agent (lactic acid) in
sweat was achieved by chemically modifying an undershirt material made from
cotton cellulose through which the sweat must pass before it comes into con-
tact with the carbon impregnated foam material. The cellulose fibers of the
undershirt were given an ion exchange capability by grafting amino substi-
tuent groups (Hartman, 53) onto the cellulose molecule. The fabric struc-
ture was retained in the process and the chemically modified cellulnse was
an insoluble polymer having anion exchange functionality. In this form
enormous surface for ion exchange is achieved54’55.

The undershir: cotton fabric was chemically modified first by prepar-
ing diethyl aminoethyl celluiose. This was achieved by wetting the under-
shirt cotton fabric with a 107 aqueous solution of g-chloroethyldiethylamine:
HC1, drying, and then mercerizing with a 25% solution of sodium hydroxide
overnight at room temperature. The fabric was then thoroughly washed. The
final form of modified fabric (a quaternary aminized cellulose and a lewis
base) was prepared by submerging diethyl aminoethyl cellulose in a boiling
10% solution of methyl iodide in absolute ethanol under reflux for two hours

53Hartman, M., Cellulose ethers and process of making, U. S. Patent 1, 77

77, 970 (1930).
54Hoffpauir, C. L. and Guthrie. lon-exchange characteristics of chemically

modified cotton fabrics. Textile Research Journal, Vol. 20, No. 9,
617-620 (1950).

5Reeves. W. A. and J. D. Guthrie. Aminization of Cotton. Textile Research
Journal, Vol. 23, No. 8, 522-527 (1953).

5

ot A Pt

i B A ™




-89-

foliowing a procedure recommended by Jakubovic and Brooks56 and McKelvey

| and Benerito™’. The mechanism for the formation of triethyl aminoethyl
cellulose is shown below:

Step 1. Swelling and Mercerizing

H
Cel1-0H+NaOH -+ Cel1-0:NaOH

! Step 2. DEAE-Cellulose Formation
;;: C2H5
A H '
Ti Ce]1-0:Na0H+C1—CHZCHZaT—CHZCHa > Ce11-0-CH,CHy-N-CH,CHy#NaCT+H,0
’gé CH,CHy
{
g;i Step 3. TEAE-Cellulose Formation
i !

. + -
Le!1=0-CH2CH2-N-CH2CH3+CH3I+02H50H - Ce11—0-C2H4eT ~CoHgl +LH30H

C2H5
2 The ion exchange reaction which occurs between TEAE cellulose and lactic
F acid is
& Cats CaHs
: + - -+ + -
Ceﬂ-O-C2H4-T "CZHSI +CH3-CHC00 H - Ce]l-O-C2H4=§ ---=C2H5 00CHC-CH4+HI
OH
TEAE = Cellulose Lactic Acid
(Lewis Base) (Lewis Acid)
5C

Jakubovic, A. 0. and B. N. Brooks. Anion exchangers based on cellulose:
1. Preparation and general properties. Polymer, Vol. 2, 19 (1961).

57McKelvey. J. B. and R. R. Benerito. Epichlorohydrin-triethanolamine
reaction in the preparation of quaternary cellulose anion exchangers,
J. of Applied Science, Vol. II, 1693-1701 (1967).
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A series of runs was conducted to study the control of sweat poisoning

by the chemically modified undergarment. The initial set of experiments con-

sisted of one layer runs. A1l samples of carbon impregnated foam mate-

rial were conditioned before being treated with lactic acid or simulated

sweat. Both the lactic acid and sweat application of the carbon impreg-

nated foam material samples were carried out on the applicator. Appli-

cation consisted of either:

(a) treating the carbon impregnated foam material by placing it directly
on the applicator surface

(b) treating the carbon impregnated foam material by placing an unmodified
undershirt material between the applicator surface and the foam mate-
rial sample

(¢) treating the carbon impregnated foam material by placing a modified

(TEAE-cellulose) undershirt material between the applicator surface

and the foam material sample.

Results of these experiments are shown in Figure 40 with data tabu-
lated in Table A-14. Al1 compariscns are made with respect to conditioned
cloth. It can be seen that there was a substantial improvement in the
breakthrough time of the carbon impregnated foam material treated with
lactic acid with modified undergarment as compared with unmodified under-
garment in place. An even more significant improvement in the break-
through time was observea for the corresponding two cases with sweat treat-
ment. Similar behavior is observed for Mb* and Mt*.

Two-layer runs of carbon impregnated foam material were also made
(Figure 41). For this case, the treatment of the carbon impregnated foam
with lactic acid or simulated sweat was done individually on each layer
as described earlier. The two identically treated carbon impregnated foam
samples were run tegether in the vapor test apparatus. A1l comparisons
were made with two layers of conditioned cloth. Resulting data are shown
in Table A-15. For the case of sweat treated carbon impregnated foam
sample, the breakthrough time was considerably improved when modified
undershirt material was used. A similar observation was made for Mb* and
Mt*.

For the above analysis carbon impregnated foam samples were treated
on the applicator with 100 m1 of either a 1.0 ¢g/1 lactic acid solution or
simulated sweat solution. The modified undergarment material had been
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prepared as described earlier. The weight gain of the starting material

was used to calculate the degree of substitution (number of substituent

groups per monomer unit of cellulose) at the end of the aminization re-

action to be 0.21; using the weight gain during the quaternization step,

it was determined that 30.9% (D.Q=0.309) of the substituent groups were qua-
ternized. Assuming only the quaternized amine groups are capable of removing
lactic acid, the ion exchange capacity of the material is 0.34 meg/g material.
With this capacity 4.5 g of the material should be able to remove all of the
lactic acid in 138 ml of a 1.0 g/1 solution of lactic acid. Samples of the ma-
tericl placed between the carbon impregnated foam and the sweat applicator
weighed approximately 4.5 g. Samples of these calculation are given in Ap- .
pendix B. !

- ar

To obtain more conclusive results for the selective poisoning removal
phenomena, a series of runs was conducted on two layers of carbon impreg-
nated foam material. The new procedure involved the following:

Two layers of carbon impregnated foam material were conditioned,
dried and run in the dynamic vapor test apparatus using the new sample
holder. The two layers were then degassed by placing the sample holder
in an oven at 50°C and blowing air for thirty minutes at 50°C through it.
= Another run was performed and the samples degassed. This procedure was
continued until two successive runs were identical. The carbon impregnated
F foam samples were taken out of the sample-holider and treated on the appli-

cator with ejther lactic acid or simulated sweat solution and run again in
the dynamic vapor test apparatus. This method had the advantage of each
treatment having its own independent reference.

In addition to the modification in procedure described in the preceed-
ing paragraph, the degree of substitution of the cotton cellulose under-
garment was also improved by incorporating the following two changes in the

synthesis procedure.
(i) cotton cellulose was soaked in a 20% solution of NaOH
overnight for swelling
(ii) the concentration of methyl iodide in absolute ethanol
was increased to 20% for the auaternizing step.
The degree of substitution on the undergarment fabric was 0.345
moles of amine substituent/mole of cellulose monomer unit; the degree of
quaternization was 0.365 moles of quaternized amine/mole of total amine.

1Ll o] WS 1. s
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Again assuming only the quaternized amine to be effective in lactic acid
removal, this material was calculated to have a capacity of 0.58 meq/g of
material,

To work with what seemed like more realistic conditions, the total
amount of sweat passed through the applicator was reduced from 100 ml to
20 ml. A summary of the results obtained is shown in Table A-16 which
also includes the independent reference for each type of treatment. Fig-
ure 42 facilitates a comparison of the effects of lactic acid and sweat
treatment on the significant dynamic properties of the carbon impregnated
foam material, namely tys Mb* and Mt*' These adsorptive properties were
improved for both lactic acid and sweat application to the carbon impreg-
nated foam material sample when modified undergarment was used. For sweat
treated carbon impregnated foam samples the breakthrough times were 90%,
70%, and 55% of sweat-free values when the application was done with modi-
fied undergarment, unmodified undergarment, and no undergarment, respec-
tively. For lactic acid treated carbon impregnated foam samples, the
breakthrough times were 90%, 80%, and 60% of sweat-free values when the
application was done with modified undergarment, unmodified undergarment,
and no undergarment, respectively. A similar increase in Mb* for sweat
and lactic acid treatment was observed. The total amounts of C614 adsorbed,
Mt*, were 97%, 70%, and 65% of the sweat-free quantity when sweat applica-
tion was done with modified undergarment, unmodified undergarment, and nc
undergarment, respectively.

For Tactic acid treatment, Mt* was 90%, 85% and 80% of the sweat-free
value when treatment was through modified undergarment, unmodified under-
garment, and no undergarment, respectively

Miring the synthesis of the aminized cellulose there was considerable
chrinkage of the undergarment material. This meant appreciable variation
in the mass of material placed between the sweat applicator and carbon im-
pregnated foam when comparing modified and unmodified material. It is un-
clear. therefore, whether modified material improved the adsorptive proper-
ties by the ion exchange mechanism or by a simple increase in moisture re-
tention,

> Z " ” o L
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CONCLUSIONS AND RESULTS

This report presents a study of the adsorption of carbon tetrachloride
vapor by several different protective clothing materials both alone and in
the presence of simulated sweat and the various components of sweat. A
carbon impregnated foam material was used for most of the work, however,
several other materials were tested and compared for breakthrough and ad-

_ sorptive capacity and these are discussed in Appendix A. A mathematical

b model for the breakthrough time was developed.

¢ While the breakthrough time model is not limited to a complex adsorp-
ﬂ'; tion system - like the carbon impregnated foam - its chief advantage is

that it is simple and reasonably accurate. Even though it is possible to
predict the breakthrough time from several of the fixed-bed adsorption
models that have been proposed, it is necessary that all model parameters be

?;“.'. '.?" T

%;f evaluated experimentally; using these models for predicting breakthrough

E : time is somewhat time consuming because the breakthrough time must be

; i found by numerical integration of the model.

ﬁ\_ The proposed model suggests that the breakthrough time varies directly

? as the number of carbon impregnated foam layers or bed depth and indirectly

5 as the gas flow rate and inlet gas concentration. It works well for the o

N

carbon-impregnated foam in the ranges of inlet adsorbate concentration,
flow rate and bed depth used. Some of the model parameters almost certain-
ly are functions of temperature but, due to the small temperature range
examined experimentally, statistically significant variations of the para-

T
&

o

A e

meters with temperature were not observed.
Extension of this model to systems using well defined spherical ad-

sorbents should be no problem. By setting up a few experiments, one can
determine the model parameters for a given adsorbate-adsorbznt system.
With this information one can make predictions as to what will happen to
the breakthrough time on varying the inlet adsorbate concentration, flow
rate and bed depth. Hence with this simple approach, the dynamics of ad-
sorption up to the breakthrough time can be characterized mathematically.
Laboratory experiments were conducted to examine the influence of
: sweat and sweat components on the adsorptive properties of carbon impreg-
:‘ nated foam. A number of substances were selected as representative of the
? principal constituents of sweat and the effect of each upon the capacity

YT

i




,‘“??u_“w‘:r' ‘~""‘-v' —T - :

-

-q"‘_!:"t:“t#“'_‘“h a"x.(.usn-}-’ m (u.f..w_:;wﬂlf

-97-

of the foam to adsorb carbon tetrachloride was determined by addition to
the sample. The organic constituents of sweat were shown to be mainly
responsible for poisoning. A comparison of poisoning by the individual
components of simulated sweat showed that lactic acid was most severe in
reducing the total amount of carbon tetrachloride adsorbed under both
equilibrium and dynamic conditions.

The following results are a comparison with conditioned samples at
T = 32.5°C, Q= 1.0 2/min and C = 7.87 mg/e. For foam samples soaked
in various solutions overnight, sweat treatment consistently decreased
the total amount adsorbed by about 10% but affected M,* according to run
conditions. For lactic acid treatment, the total amount adsorbed, M *,
and the amount adsorbed to break, Mb*, were reduced by 10 - 15%. When
the solution application was done through an applicator, the total amount
adsorbed, Mt*, and the amount adsorbed to break, Mb*, were reduced by 12%
and 24% for lactic acid treatment, while for sweat treatment, the reduc-
tion was 22% and 45%, respectively. For experiments where each two-layer
run had its own independent conditioned reference, the total amount ad-
sorbed, Mt*, and the amount adsorbed to break, Mb*, were both reduced by
20% and 39% for lactic acid treatment and 33% and 40% for sweat treatment.

Information was also obtained by treating samples with real sweat.
This was achieved by placing samples on the human body until they were well
soaked in sweat. The results indicated a slightly more severe poisoning
effect than simulated sweat.

To reduce the deleterious effects of sweat on the adsorptive capacity

of the foam, two processes were considered:

(a) Increasing the capacity of the existing foam by radiation treat-
ment. Results of these experiments were inconclusive.

(b) Selective removal of the primary poisoning agent in sweat (lactic
acid). This was achieved by chemically modifying a cotton cellu=-
lose undershirt material, through which sweat must pass before
coming in contact with the foam, to give it ion exchange proper-
ties. The modification consisted of grafting basic substituents

(amine groups) to the cellulose molecule of the undershirt
material under such conditions that the fabric structure was
retained. The cellulose, thus chemically modified,

functioned as an anion-exchanger.
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The results of these experiments are very encouraging. The adsorp-
tive properties of the foam were greatly improved when sweat treatment
was done through a modified undergarment rather than an unmodified under-
garment. For sweat treated carbon impregnated foam samples thz break-
through times were 90%, 70% and 55% of the sweat-free value when the ap-
plication was done with modified undergarment, unmodified undergarment,
and no undergarment, respectively. For lactic acid treated carbon im-

“pregnated foam samples, the breakthrough times were 90%, 80% and 60% of

the sweat-free value when the application was done with modified under-
garment, unmodified undergarment, and no undergarment, respectively. A
similar rise in Mb* for sweat and lactic acid treatment was observed.

The total amount of CC14 adsorbed, M.*, was 97%, 70%, and 65% of the
sweat-tree amount when sweat apriication was through modified under-
garment, unmodified urdergarment, and no undergarment, respectively. For
lactic acid treatment, Mt* was 90%, 85%, and 80% of the sweat-free quan-
tity with modified undergarment, unmodified undergarment, and no under-

garment, respectively.
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LIST OF SYMBOLS

. ' c
A constant defined as - -4~ 1n (=% - 1), min
kC0 Cb
Af flow area of foam sample, cm2
B constant defined as N jAga, mg/cm
C concentration of adsorbable gas in the interparticle space, mg/1
‘ Cads concentration of adsorbed gas per unit weight of adsorbent,
R mg CC14/g particle
; C
;,ﬁ Cy breakthrough time concentration (EQ~= 0.05), mg/1
: v l‘ 0
Ly CO inlet concentration of adsorbate, mg/1
L. ; i 1-e
b‘7 J defined as Gpm/a or °h “a
; ' k adsorppion rate constant of breakthrough time model,
P g particle/(mg CC14—m1n)
E.
E | KA adsorption equilibrium constant, ml/g foam material
ﬁk Mb amount of CC]4 adsorbed to break, mg CC14
? ' Mb* amount of CC]4 adsorbed to break per unit weight of sample, mg/g
s M0 zeroth moment of t vs. (1 - %l) curve, min
i o)
¢ MT total weight of CC]4 adsorbed, mg CC]4
f _ MT* total weight of CC]4 adsorbed per unit weight of sample, mg/g
1 M first moment, min2 ;
M2 second moment, mi~’
! NO capacity of adsorbent, mg CClg/g particle or the number of é
X active centers of unit activity per unitweight of sample 2
i n sample weight normalizing factor Equation 30, g/g
E' Q flow rate through sample, 1/min
3 T temperature of sample and adsorbate, °C
3 t time, min
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breakthrouyh time, time when the exit concentration reached
five percent of that at the inlet, min
defined by Equation 23, min
overall adsorption coefficient, cc CC14/g foam-min
interstitial velocity, cm/min
volume of sample
volume of solids in sample
dry weight of sample
sample weight after conditioning, g

length coordinate of the bed of adsorhent, cm

Greek Letters

cloth porosity (void volume/total volume)
weight of particles per unit weight of foam material

void fraction representing the bed volume not occupied by
carbon particles divided by the total volume

apparent density of foam material g solids/cc total volume
apparent particle density, g carbon/cc carbon
residence time, Equation 26, min

fictitious residence time, Equation 29, min
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APPENDIX A

Data on Various Types of Adsorbent

/
/

Experimental evaluation of the adsorptive properties of several
samples of cloth presented by the Natick R & D Command is reported and
discussed in this section. The three independent variables which influ-
erice CC14 adsorption are temperature (T), concentration of the CCl4 in
the inlet gas stream (CO), and flow rate through the sample (Q). A
central composite statistical design of experiments was set up to deter-
mine quaatitatively the effects of these variables on both adsorption
kinetics and equilibrium. The design is illustrated in Figure A-1 which
shows the approximate levels of each variable investigated. The data
from these experiments (Bolt-2) was used to correlate the breakthrough
time with the measurable parameters T, CO, Q and number of carbon im-
pregnated foam layers. A1l the data used in the statistical analysis
are summarized in Tabies A-3 through A-5,

The characteristics of the Bolt-4 carbon impregnated foam material
had lower breakthrough time and capacity than Bolt-3 material (Table A-6).
The characteristics of Bolt-4 material were evaluated in several runs
which are summarized in Teble A-7. This bolt of cloth was primarily used
for studying tie removal of sweat poisoning, while Bolt-3 was used for
isolating the constituent of sweat that poisoned the carbon impregnated
foam material. Bolt 1 was used in testing the experimental apparatus,

Of the various other cloth samples tested (carbon fiber and carbon
impregnated fabric), after being conditioned, only the British c¢loth
seemed to compare favorably with the charcoal impregnated foam material,
The two types of British cloth, P99 and A46C54, adsorbed approximately
the same amount of CC]4 per layer as the foam material (Figure A-2),
and on a weight basis the British cloth adsorbed more than twice as much
CC14 as the foam material (Figure A-3).

One-layer runs of British cloth had much faster breakthrcugh than
the foam material, but the cloth compared favorably with the foam material
on breakthrough time (Figure A-4) for three-layer runs.

it i
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Pluton B-1 and Nomex-Cotton-Carban composite were the most pro-
mising of the other fabrics tested, although neither compared favorably
with the foam material or British cloth. The quilted fabric (VEE 3098)
showed very little adsorptive capacity with immediate breakthrough far
both one- and three-layer runs.

A complete summary of the results on this material is given
in Table A-15.




-107-
Y = £(T7,C0,Q) Q
(32,5,7.5,1.5)
g (25,7.5,1.0)
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Figure A-1. Central composite statistical experiment Jesign
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Table A-2. Comparisons for Bolt-l Material

H
‘ -112- |
|
Effect of Flow in Conditioned Cloth
i

* *
| Run_No. Layers Flow M, My My My
t
2 1-35-1 2 0.58 290 mg 570  30.1 59.3
' 1=35.2 2 18/min 330 mg 6h0 33.8 65,5

¢ Effect of Flov on Cloth as received

t *
791 M M, M, My

Run No., Layers Flow ) B
1-34-3 2 0.58 348 536 38.3  59.1
1-354 2 1%/min 360 648 38.7 68.0
Effect of Conditioning

* *
Run No. Layers Flow Mp(mg) Mt, Mb Mt Treatment
1-35-4 2 1%/min 360 648  38.7 68.0 as rec'd.
1-35-2 2 1 330 640 33.8 65.5 cond.
1-34-3 ) 0.58 348 53¢ 38.3 59,1 as rec'd.
1-35-1 2 0.58 290 570 30,1 59.3 cond.
Effect of dryling cond. cloth

* *
Run No. Layers Flow M, ", _ﬁyﬁ_ My Treatment
1-35-5 1 1 1.85 35L 36,5 69,5 cond. dried
1-35-3 1 1 75 32 16.0 68.7 cond.
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Table A-13. Effect of Cobalt-60 Radiation on Carbon Impregnated Foam
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APPENDIX B

Sample Calculation of Degree of Substitution on Cotton Cellulose

Cotton cellulose was modified into triethyl amino ethyl cellulose
for the selective removal of lactic acid. A sample calculation for the
degree of substitution on cotton cellulose is shown.

dry weight of cotton cellulose fabric = 28.8023 g

dry weight of aminized cellulose = 32.6545 ¢

dry weight of quaternized cellulose = 34.5049 ¢

increase in weight due to aminization = (32.6545-28.8023)g = 3.8522 ¢
increase in weight due tn quaternization = (34.5049-32.6545)9 = 1.8504 g

For aminization the substituent group added to cellulose is ~CH2-CH2=N-(C2H5)2;
molecular weight = 100 g/g-mole.

For quaternization the group added to the existing amine is CZHSI; molecular
weight = 155,98 g/g'mole.

moles substituent
moles cellulose monomer unit

i

Degree of substitution (D.S.)

D.S. = (3.8522/160)g mole amine

= (28.8023/162)g mole celluTose - 216
Degree of quaternization (D.Q) = moles quaternary amine/moles of total amine
D.q. = (1:8504/155.98)g mole C,HeI _ o 4

(3.8522/700)g mole amine

The ijon exchange capacity of the quaternary amine product, assuming only the

quaternized amine removes the acid, is given as follows:
(1.8504/155.98)9 molegszSI 1000 meq

34.5049 g material * T7gmoTe CAeT N

Ion exchange capacity =

0.34 meg/g material

Concentration of lactic acid = (0.001g/m1) {1 g-'mole/90 g) (1000 meq/g moie) =
0.011 meq/ml

Volume of lactic acid solution that can be treated by a 4.5 g sample of material =
(0.34 meq/g material)(4.5 g material)/(0.011 meqg/mi)
= 137.7 ml
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APPENDIX C
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